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Global optimization of the geometry of small Ni clusters interacting with benzene molecules yields
equilibrium structures where the Ni atoms find themselves caged between the benzene molecules.
This leads to quenching of the Ni magnetic moment in most of the complexes even though the
structure of the caged Ni clusters remain relatively unchanged from their otherwise free gas phase
geometry. The accuracy of these predictions, based on density functional theory with generalized
gradient approximation for exchange and correlation, is established by the good agreement achieved
between the calculated and available experimental dissociation energies and ionization potentials.
© 2002 American Institute of Physics. @DOI: 10.1063/1.1429245#
I. INTRODUCTION
The passivation of metal clusters by organic ligands is
one of the ways to prevent them from coalescing during clus-
ter assembly. Since the interaction of the ligand atoms with
the metal atoms is likely to change the properties of other-
wise bare metal clusters, a fundamental understanding of this
interaction is necessary for tailor-making cluster-assembled
materials. With this in mind, a considerable amount of ex-
perimental work has been recently carried out on metallo-
organic complexes1 as well as metal oxide clusters coated
with organic ligands.2 For example, a series of experi-
ments3–21 involving organic molecules such as benzene in-
teracting with 3d transition metal atoms ~Sc, Ti, V, Cr, Mn,
Fe, Co, and Ni! in the gas phase have been carried out, thus
eliminating the complicating factor associated with the role
of solvents.
In particular, we focus on the work of Kaya and
co-workers.22 These authors have measured the mass spectra,
ionization potentials, reactivity, and in some restricted cases,
electron affinities of transition metal–benzene complexes
systematically. They observed that while the dominant peaks
in the mass ion spectra of metal–benzene complexes involv-
ing the early part of the 3d-series (MnBzm ; M5Sc, Ti, V,
Cr, Mn! are characterized by one excess benzene molecule
for every metal atom, (m5n11), the number of metal at-
oms in Con(Bz)m and Nin(Bz)m can even exceed those of
benzene molecules (n.m). More importantly, in Nin(Bz)m
complexes containing the maximum, mmax number of ben-
zene molecules for each metal composition, n are unreactive
towards NH3 while Mn(Bz)m ~M5Sc{{{Cr! complexes with
n>m are reactive. These results seem to indicate that the
geometry and electronic structure of Nin(Bz)m complexes
are fundamentally different from those involving early
3d-metal atoms. No theoretical explanation of this unusual
behaivor of Ni–benzene complexes is available in the litera-
ture.
Several theoretical calculations23–28 have been carried
out to understand the geometry, relative stability, and dis-
sociation energy of these complexes. One of the early sys-
tematic studies in this regard is due to that of Bauschlicher
and co-workers25 who studied 3d metal atoms adsorbed
on benzene using a C6v symmetry. The present authors and
their collaborators26,27 have studied 3d metal atoms atop a
benzene molecule using C6v symmetry and those sand-
wiched between two benzene molecules using D6h symme-
try. Bowers and co-workers20 have studied larger complexes
involving V and benzene. No calculations of the structure of
Nin(Bz)m(n ,m.1) exist where geometries were optimized
without any symmetry constraint. In this paper we present
the first fully optimized geometries of Nin(Bz)m and
Nin(Bz)m1(n<3,m<2) complexes with no symmetry con-
straint. The dissociation energies, ionization potentials, and
magnetic moments are calculated using density functional
theory with generalized gradient approximation ~DFT-GGA!
for exchange and correlation. The accuracy of these pre-
dicted results is established by comparing them with avail-
able experiment. In Sec. II we briefly describe the computa-
tional procedure. The results are discussed in Sec. III. A
summary of our conclusions is given in Sec. IV.
II. COMPUTATIONAL PROCEDURE
The calculations were carried out using the linear com-
bination of atomic orbitals-molecular orbital ~LCAO-MO!
approach. The atomic wave functions were represented by
Gaussian orbitals ~LANL2DZ basis!.29 To assess the accu-
racy of these basis functions, we have repeated the calcula-
tions of the NiBz cluster using an all-electron triple zeta
basis set with extra polarization functions ~6-311G**!.29 The
total energies were calculated using the density functional
theory ~DFT! and generalized gradient approximation
~GGA! for exchange-correlation contribution. The Becke–
Perdew–Wang ~commonly referred to as BPW91! form of
the functional and the GAUSSIAN 98 code29 were used in our
computations. The geometries were optimized without any
symmetry constraint for different spin multiplicities. For
each cluster the optimization was performed by starting from
several initial structures to locate through exploration of the
potential energy surface, the geometry corresponding to the
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global minimum. It should also be pointed out that the accu-
racy of the density functional theory in treating transitional
metal systems does have limitations since they possess spin
multiplet structures that are energetically close to each other.
This problem has been extensively discussed in the
literature30 and we refer the reader to earlier papers. It is
sufficient to mention that the DFT-GGA based calculations26
on 3d transition metal cations interacting with a single ben-
zene molecule have yielded geometry, bond lengths, and dis-
sociation energies in good agreement with CCSD and
CCSD~T! ~coupled cluster method with singles and doubles
and noniterative inclusion of triple excitations! calculations25
as well as experiment.13,32 In addition, the consistent agree-
ment between present calculations and available experiments
in Nin~Bz!m systems gives us confidence in the predictions of
the DFT-GGA level of theory.
III. RESULTS AND DISCUSSIONS
In order to assess the accuracy of the calculated geom-
etries and energetics of the Ni–benzene complexes we have
used Ni–benzene with C6v geometry as a test case. We have
calculated the equilibrium bond lengths, binding energy ~i.e.,
energy needed to dissociate Ni–Bz to Ni and Bz!, and the
adiabatic ionization potential using the frozen core
LANL2DZ basis and the all-electron 6-311G** basis sets.
The C–C, C–H, and NiC distances obtained using the
LANL2DZ basis are, respectively, 1.44 Å, 1.09 Å, and 2.14
Å and these agree very well with the corresponding values of
1.44 Å, 1.09 Å, and 1.98 Å obtained from the 6-311G**
basis set. Similarly the binding energy and the ionization
potential of Ni–Bz using the 6-311G** basis are 1.54 eV and
5.78 eV while those using the LANL2DZ basis are 1.22 eV
and 6.17 eV. Note that while the bond lengths agree within
approximately 0.2 Å, the energies agree within about 0.3 eV.
Comparisons of these two basis sets in other systems31 have
resulted in similar conclusions. In view of the computational
cost, we have decided to use the LANL2DZ basis for all the
remaining calculations. The above comparison should be
viewed in terms of the limitations of the predicted results.
A. Geometries
In Fig. 1 we present the ground state geometries of neu-
tral Nin(Bz)m (n<3,m<2) complexes. The corresponding
geometries for the ground state of cationic complexes are
shown in Fig. 2. In agreement with previous
calculations,25–27 the geometries of the neutral and cationic
NiBz assume a C6v symmetry. The geometry of Ni2Bz @Fig.
1~b!# consists of a Ni2 dimer with a bond length of 2.27 Å
bonded to four of the carbon atoms of a slightly distorted
benzene ring. Note that in Ni3Bz @Fig. 1~c!#, the distortions
of the ring are reduced while the Ni3 trimer in a nearly equi-
lateral triangular configuration binds to all the six carbon
atoms of the benzene molecule. The ground state geometry
of neutral Ni~Bz!2 in Fig. 1~d! is characterized by the second
benzene molecule sliding on top of the Ni atom until its C–C
bond lies just above it. In addition, this molecule is tilted
with respect to the bottom benzene plane and is accompanied
by minor changes in the C–C and C–H bond as well as C–H
bond angle. In the cationic Ni~Bz!2
1 complex @Fig. 2~d!# the
structure approaches a more symmetric form with the two
benzene planes becoming more parallel and on top of each
other than in the corresponding neutral complex in Fig. 1~d!.
The structure of neutral Ni2~Bz!2 @Fig. 1~e!# is composed of a
Ni2 dimer with a bond length of 2.40 Å with its axis nearly
parallel to the two benzene planes on either side. We recall
that the calculated bond length32 of a pure Ni dimer is 2.13
Å. The two Ni atoms in Ni2~Bz!2 lie along the middle of the
C–C bond. Its cationic complex Ni2~Bz!2
1 @Fig. 2~e!# has a
similar topology as the neutral complex, but the C–C and
C–H bonds and angles are distorted. This distortion nearly
disappears in Ni3~Bz!2 complex in both neutral and cationic
configurations @Fig. 1~f!, Fig. 2~f!#. The Ni3 cluster interca-
lated between the two benzene molecules forms an almost
equilateral triangle with a Ni–Ni bond length of 2.45 Å in
neutral complex. In the cationic complex, the structure is an
isosceles triangle with bond lengths of 2.39 and 2.46 Å. Note
that the calculated structure32 of pure Ni3 cluster is a nearly
equilateral triangle with a Ni–Ni bond of 2.20 Å. Thus, the
structure of Ni3 caged between two benzene molecules, re-
mains essentially in the same form as in bare Ni3 although
with a slightly stretched bond. Note that similar behavior
was found for Ni2.
The spin multiplicities of all the clusters studied here,
with the exception of neutral Ni2~Bz!, Ni3~Bz!, and Ni3~Bz!1
are reduced to their lowest possible value namely singlet if
the number of electrons is even, and doublet if the number of
FIG. 1. Ground state geometries of neutral Nin(Bz)m clusters obtained with-
out symmetry constraint. Some of the representative bond distances ~Å! are
marked in the figure for clarity.
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electrons is odd. The ground state configuration of both
Ni2~Bz! and Ni3~Bz! neutrals in the spin triplet state are,
respectively, 0.19 eV and 0.42 eV lower in energy than the
corresponding singlet states. In Fig. 3 we compare the geom-
etries of the spin triplet configurations with those of the sin-
glet states. Note that apart from a slightly more symmetric
structure of the triplet states, the geometries including the
bond lengths are very similar. We will return to this aspect
later in the paper.
We have also studied the equilibrium geometries of
some higher energy isomers of Nin(Bz)m complexes. These
structures for neutral and cationic complexes are given in
Figs. 4 and 5, respectively. The energy difference between
these structures and corresponding ground state geometries
in Figs. 1 and 2 are listed in Figs. 4 and 5, respectively, The
energies of Ni~Bz!2 and Ni~Bz!2
1 complexes optimized with
FIG. 2. Ground state geometries of cationic Nin(Bz)m1 clusters obtained
without symmetry constraint. Some of the bond distances ~Å! are marked in
the figures for clarity.
FIG. 3. Comparison of the ground states @~a! and ~c!# and the lowest lying
excited states @~b! and ~d!# of neutral Ni2~Bz! and Ni3~Bz! complexes. The
ground and the excited states are in spin triplet and spin singlet configura-
tions, respectively.
FIG. 4. Geometries of some of the higher energy isomers of neutral
Nin(Bz)m complexes. For each of these isomers we present their energies,
DE measured with respect to their corresponding ground state in Fig. 1.
FIG. 5. Geometries of some of the higher energy isomers of cationic
Nin(Bz)m1 complexes. For each of these isomers we present their energies,
DE measured with respect to their corresponding ground state in Fig. 2.
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D6h symmetry constraint lie 1.22 eV and 0.25 eV, respec-
tively, above the ground state structure of Figs. 1~d! and 2~d!.
Note that the small energy difference between the ground
state and higher energy isomer of Ni~Bz!2
1 compared to its
neutral counterpart is due to the nearly symmetrical configu-
ration of the cationic ground state.
The origin of the significant energy lowering of the neu-
tral Ni~Bz!2 complex resulting from its structural deviation
from the D6h symmetry can be understood by plotting its
molecular orbital ~MO! energy levels ~see Fig. 6! corre-
sponding to the structures in Figs. 1~d! and 4~a!. In the D6h
configuration @Fig. 4~a!#, the highest occupied molecular or-
bital ~HOMO! is doubly degenerate and is fully occupied.
Consequently, it is not Jahn–Teller active. The HOMO-1 or-
bital is nondegenerate while the other lower lying orbitals
are, once again, doubly degenerate. As the structure distorts,
the degeneracies of the orbitals are lifted. But more impor-
tantly, the energy levels shift to lower values due to a stron-
ger bonding of the Ni atom with two of the nearest neighbor
carbon atoms of one of the benzene rings. The shifting of
MO levels of the ground state structure in comparison to that
of the D6h symmetry is also partly due to the difference in
the Mulliken charges on the Ni atom. It is more negative
~20.141! in the D6h structure than it is ~20.039! in the
ground state structure. It is well known that the energy levels
of a negatively charged atom are always pushed to a higher
energy than those of the neutral atom. Thus the lowering of
the total energy of neutral Ni~Bz!2 cluster in the distorted
structure is due to chemical interaction and not due to Jahn–
Teller effect. We should caution the reader that in the density
functional theory the one-electron orbital energies do not
have much meaning. The above discussion must, therefore,
be viewed as providing a qualitative understanding of why
the distortion in the geometry leads to the lowering of en-
ergy.
For Ni2~Bz!2 complexes we have studied three other
structures, two of which @Figs. 4~b! and 4~c!# were optimized
without any symmetry constraint while the third one @Fig.
4~d!# was restricted to C6v symmetry. Note that all these
structures are higher in energy compared to the ground state
in Fig. 1~e! and lie, respectively, 0.88 eV, 1.51 eV, and 1.57
eV above it. Similarly, the D6h structure of Ni3~Bz!2 in Fig.
4~e! lies 4.94 eV above the ground state caged structure in
Fig. 1~f!. The optimized D6h structure of Ni3~Bz!2
1 given in
Fig. 5~b! is 3.25 eV higher in energy than its corresponding
ground state structure in Fig. 2~f!.
The topology of the Nin~Bz!m clusters can be used to
shed some qualitative understanding of their reactive proper-
ties. Although the reactivity of Con(Bz)m to NH3 has been
studied at some length, similar experiments involving
Nin(Bz)m are lacking. Since the mass ion distributions of
Con(Bz)m and Nin(Bz)m exhibit some similar features, one
could argue that their chemistry is also similar to each other.
Thus, in analogy with Con(Bz)m , we expect Ni2~Bz!2 and
Ni3~Bz!2 to react with NH3 while Ni2~Bz!3 and Ni3~Bz!3 may
be unreactive. The optimized structures in Figs. 1 and 2 re-
veal that if these clusters are exposed to NH3, the metal
atoms lying at the edge in the intercalating layer can be ac-
cessible for chemical bonding. Thus, these clusters will be
depleted from the mass spectra if exposed to reagent mol-
ecules. This is consistent with the experimental finding in the
Con(Bz)m system where clusters corresponding to (n ,m)
5(1,2), ~2.2!, and ~3,2! are reactive towards NH3. To
achieve a quantitative understanding of this reactivity, theo-
retical studies of the optimized structures of these complexes
interacting with NH3 will certainly be needed. We are cur-
rently studying these systems.
B. Vertical and adiabatic ionization potential
We now discuss the vertical and adiabatic ionization po-
tentials as well as the binding energies of neutral Nin(Bz)m
complexes. The ionization potential ~IP! is defined as the
energy needed to remove an electron from the neutral cluster,
namely,
IP5E~Nin~Bzm!12E~NinBzm!. ~1!
Here, E is the total energy of the cluster and does not include
zero point contribution. If the geometry of the ionized cluster
is assumed to be that of its neutral, the corresponding ion-
ization potential is termed vertical ionization potential ~VIP!.
On the other hand, if the ionized cluster is allowed to relax,
the resulting energy difference between the neutral and the
relaxed cation is termed as the adiabatic ionization potential
~AIP!. The difference between VIP and AIP then provides a
signature of the energy gain resulting from the structural re-
laxation of the cationic cluster. In Table I we list these ion-
ization potentials and compare them with available experi-
ments. The calculated vertical ionization potential of NiBz is
6.36 eV which agrees well with the experimental value that
lies in the range of 5.99 eV–6.42 eV. Similarly, the calcu-
lated VIP of Ni~Bz!2 of 6.12 eV agrees well with the experi-
mental value of 5.86 eV. If, instead, calculations were carried
out with the D6h structure in Fig. 4~a!, the computed vertical
ionization potential of Ni~Bz!2 will be 4.7 eV—in disagree-
ment with experiment. This confirms the accuracy of the
ground state structure in Fig. 1~d!. The energy differences
between VIP and AIP in all clusters studied are less than 0.4
FIG. 6. Molecular energy levels for the ground state @Fig. 1~d!# and the D6h
@Fig. 4~a!# structures of neutral Ni~Bz!2. The unoccupied states are repre-
sented by dashed lines. The degenerate levels are shown as thick lines.
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eV. This is because the relaxation of the geometry following
ionization of all clusters is rather small. The vertical ioniza-
tion potentials of all Nin(Bz)m complexes studied here lie in
the range of 5.5–6.4 eV. For NinBz complexes the VIP de-
creases sharply from n51 to n52, while in Nin(Bz)2 com-
plexes it increases slightly over the same range. No experi-
mental values are available for comparison.
C. Metal atomization and dissociation energies
Also listed in Table I are the metal atomization energies
of neutral Nin(Bz)m complexes. We define this as the energy
needed to fragment the cluster into individual nickel atoms
and benzene molecules, namely,
Eb~n ,m !52$E@Nin~Bz!m#2nE~Ni!2mE~Bz!%. ~2!
The metal atomization energy of NiBz is 1.22 eV. As Ni
atoms are successively added, keeping the same benzene
content, the metal atomization energy of NinBz increases by
1.93 eV for n51 to 2 and by 2.39 eV for n52 – 3. Similarly,
in Ni2(Bz)2 complexes, the metal atomization energy in-
creases by 2.69 eV for n51 to 2 and 3.33 eV for n52 – 3.
This systematic increase in binding either by increasing Ni
content or benzene content, or both, results not only because
of the interaction between metal atoms but also because of
interaction between metal atoms and benzene. We should
point out that the calculated atomization energies32 of Ni2
and Ni3 are 2.62 eV and 5.11 eV, respectively. Note that
these energies are significantly smaller than Nin(Bz)m com-
plexes having the same Ni content. The strength of bonding
can also be analyzed by calculating the energy needed to
dissociate a Nin(Bz) cluster into a Nin cluster and a benzene
molecule. The dissociation energy of Ni2Bz with respect to
Ni2 and Bz is 0.47 eV while that of Ni3Bz with respect to Ni3
and Bz is 0.37 eV. The corresponding energies with 2 ben-
zene molecules is much larger.
We now discuss the dissociation energies of neutral and
cationic Nin(Bz)m clusters. These have been studied experi-
mentally for the cation using collision induced dissociation13
as well as mobility experiments.33 The dissociation of these
complexes can occur along different pathways where the
fragment could be a benzene molecule, a metal atom or their
clusters, or a smaller NiBz complex. If the parent complex is
charged, one has to study which fragment carries the change.
In the dissociation of Nin(Bz)m1 complexes, the channels that
have been studied experimentally involve
Nin~Bz!m→Nin~Bz!m211 1Bz. ~3!
In this work we have evaluated the energetics of several
possible dissociation channels including the one in Eq. ~3!
and compared the energies with experiment wherever pos-
sible.
The dissociation energies of NiBz and NiBz1 ~see
Tables II and III! are, respectively, 1.22 eV and 2.57 eV and
compare very well with corresponding experimental values
of 0.87–1.30 eV and 2.52 eV, respectively. Note that the
agreement achieved here is better than those reported
earlier26,27 which is primarily due to the improved energies
of the atoms in the GAUSSIAN 98 code. The dissociation en-
ergies of Ni~Bz!2→NiBz1Bz and Ni~Bz!21→NiBz11Bz are,
respectively, 1.40 eV and 1.91 eV. There is no experimental
value of the dissociation energy of the neutral Ni~Bz!2 com-
plex, but that for the cationic complex, Ni1~Bz!2 agrees well
with the experimental value of 1.70 eV by Bowers and
TABLE I. Metal atomization energies @see Eq. ~2!#, vertical and adiabatic
ionization potentials of Nin(Bz)m clusters.
VIP ~eV!
Metal atomization
Cluster Theory Expt. AIP ~ev! energy ~eV!
Ni 7.77 7.64
Bz 9.20 9.24
NiBz 6.36 5.99–6.42 6.17 1.22
Ni2Bz 5.81 5.70 3.09
Ni3Bz 5.70 5.62 5.48
Ni~Bz!2 6.12 5.86 5.68 2.56
Ni2~Bz!2 6.37 5.76 5.25
Ni3~Bz!2 6.34 6.12 8.58
TABLE II. Dissociation energies, De of neutral Nin(Bz)m along different
channels.
De ~eV!
Parent cluster Channel Theory Expt.
NiBz Ni1Bz 1.22 0.87–1.30
Ni~Bz!2 NiBz1Bz 1.40
Ni2~Bz!2 Ni2Bz1Bz 1.97
Ni~Bz!21Ni 2.69
NiBz1NiBz 2.92
Ni3~Bz!2 Ni3Bz1Bz 2.67
Ni2Bz1NiBz 3.14
Ni2~Bz!21Ni 4.32
TABLE III. Dissociation energies, De of Nin(Bz)m1 cationic complexes
along different channels.
De ~eV!
Parent cluster Channels Theory Expt. ~Ref. 10!
NiBz1 Ni11Bz 2.57 2.52 ~0.11!
Ni~Bz!2
1 NiBz11Bz 1.91 1.52 ~0.12!
1.70a
Ni2~Bz!2
1 Ni~Bz!11NiBz 1.90
Ni2~Bz!11Bz 2.60 .2.17a
Ni~Bz!2
11Ni 3.35
Ni3~Bz!2
1 Ni3Bz11Bz 2.18 .2.17a
Ni2Bz2
11Ni 2.97
Ni2Bz11NiBz 3.72
Ni2Bz1NiBz1 4.20
aReference 11.
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co-workers.33 An earlier experimental value obtained from
collision induced dissociation13 yields 1.52 ~0.12! eV for this
channel.
The dissociation of Ni2~Bz!2 and Ni3~Bz!2 and their cat-
ions involve different possible channels. To calculate the en-
ergies needed for this dissociation along different channels,
we need the total energies of neutral Ni~Bz!2, Ni2Bz, Ni3Bz,
and their cations. The optimized geometries of these clusters
and their corresponding total energies were calculated using
the same procedure as outlined previously. The results are
given in Figs. 1 and 2. The corresponding total energies were
used to obtain the dissociation energies given in Tables II
and III. Note that the path requiring the least energy for
fragmentation of Ni2~Bz!2 involves dissociation into
Ni2Bz1Bz and that of Ni3~Bz!2 into Ni3Bz1Bz. There are
no experimental values available for comparison of these re-
sults in Table II. The dissociation of Ni2~Bz!2
1 into
NiBz11NiBz requires the least energy among all possible
channels. No experimental value is available for this chan-
nel, but the experimental lower limit of 2.17 eV ~Ref. 32! for
its dissociation into Ni2~Bz!11Bz is consistent with our cal-
culated energy of 2.60 eV. Similarly, the energy needed to
dissociate Ni3~Bz!2
1 to Ni3Bz11Bz is also consistent with
the experimental lower limit33 of 2.17 eV. It will be useful to
have additional experimental values to compare with our
predicted results in Tables II and III.
We now turn to what we consider to be one of the most
interesting properties of Nin~Bz!m complexes, namely their
magnetic properties. In Table IV we summarize the spin mul-
tiplicities of these complexes. The ground states of all neutral
Nin(Bz)m clusters studied here, with the exception of Ni2Bz
and Ni3Bz, are singlets and the net magnetic moment at the
Ni site is zero. On the other hand, the magnetic moment/
atom of pure Ni, Ni2, and Ni3 species are, respectively, 2.0
mB , 1.0 mB , and 0.67 mB . In charged Nin(Bz0m1 clusters, all
except the Ni3Bi1 have the lowest spin multiplicity, namely
doublet. The quenching of the Nin moment in Nin(Bz)m
arises due to the strong hybridization between the 3d elec-
trons of nickel and the p-electrons of benzene. Experimental
confirmation of this prediction is awaited. We should point
out that the quenching of the magnetic moment of Ni as a
consequence of hybridization has been predicted in several
Ni–C structures.34
IV. CONCLUSIONS
In summary, we have obtained geometries and total en-
ergies of neutral and cationic Nin(Bz)m (n<3,m<2)
clusters corresponding to both ground and higher energy
isomeric states. The ground state geometries confirm the
earlier experimental speculation that benzene molecules
tend to cage the Ni clusters. The good agreement we
have achieved between the experimental and theoretical ion-
ization potentials and dissociation energies give support
to the ground state geometries obtained in this work. We
also found that the neutral Ni cluster atoms caged by ben-
zene molecules with the exception of Ni2Bz and Ni3Bz
completely lose their magnetism. It will be interesting to
see if this trend persists in larger Nin(Bz)m complexes, and
if this unexpected behavior is confined only to Ni-based
organometallic systems.
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